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Excitation by light pulses enables the manipulation of phases of quantum condensed matter. Here,
we photoexcite high-energy holon-doublon pairs as a way to alter the magnetic free energy landscape
of the Kitaev-Heisenberg magnet α-RuCl3, with the aim to dynamically stabilize a proximate spin
liquid phase. The holon-doublon pair recombination through multimagnon emission is tracked
through the time-evolution of the magnetic linear dichroism originating from the competing zigzag
spin ordered ground state. A small holon-doublon density suffices to reach a spin disordered state.
The phase transition is described within a dynamic Ginzburg-Landau framework, corroborating the
quasistationary nature of the transient spin disordered phase. Our work provides insight into the
coupling between the electronic and magnetic degrees of freedom in α-RuCl3 and suggests a new
route to reach a proximate spin liquid phase in Kitaev-Heisenberg magnets.
INTRODUCTION
Light can be utilized as a tool to manipulate and en-
gineer novel phases in quantum materials1. In partic-
ular, excitation via intense light pulses has been used
to create nonequilibrium states of matter nonexistent at
thermal equilibrium, such as transient superconductivity
in underdoped cuprates2, metastable ferroelectricity in
SrTiO3
3,4, and unconventional charge-density wave or-
der in LaTe3
5. The light pulses excite a transient pop-
ulation of quasiparticles or collective excitations, which
acts as a dynamic parameter to alter the material’s free-
energy landscape. For sufficiently strong excitation den-
sities, a nonequilibrium phase transition can eventually
occur5–7. By the same token, intense pulsed light holds
promise to manipulate the spin state of frustrated mag-
nets8,9. These materials, in fact, can host exotic and
elusive phases, such as spin liquids (SL). Whereas SLs
harbors rich many-body phenomena resulting from spin
frustration and possible spin fractionalization10,11, these
phases often compete with a magnetically ordered ground
state, which is typically energetically favoured. Pulsed
light excitation can then provide a mechanism to tip the
energetic balance away from the magnetically ordered
ground state towards a nonequilibrium proximate spin
liquid phase.
We explore this concept for the Kitaev-Heisenberg
frustrated magnet, a type of Mott insulator with a lay-
ered honeycomb structure and strong spin-orbit cou-
pling12–14. For these materials the large spin-orbit in-
teraction leads to a sizeable bond directional spin ex-
change, whereas the symmetric Heisenberg exchange can-
cels out by virtue of the edge-sharing octahedra ge-
ometry, making them promising candidates for Kitaev
physics12–14. Still, the remaining Heisenberg interaction,
present due to small structural distortions away from the
ideal honeycomb structure,15 is an adversary to spin liq-
uid formation, and generally favors a spin-ordered ground
state13,16,17. By modulating spin entropy through finite
temperature effects 18,19 or by adding external magnetic
fields 20, one can however stabilize proximate or field-
induced spin liquid phases at thermal equilibrium. These
spin liquid realizations show emergent behavior expected
for the pure Kitaev spin liquid,10 most notably, frac-
tionalized particle statistics19 and quantized conduction
phenomena.20
A case in point is α-RuCl3. This honeycomb Mott
insulator has nearly-ideal jeff =
1
2 isospins in highly
symmetric octahedra,21,22 making it possibly the most
promising Kitaev spin liquid host studied to date18–20.
The (B,T )-plane in Fig. 1 provides the equilibrium phase
diagram as a function of magnetic field and tempera-
ture. Below TN≈ 7K, the isospins couple in a zigzag fash-
ion, consistent with the types of magnetic order captured
by the Kitaev-Heisenberg model.13 Strong short-range
spin correlations persist between TN and the crossover
temperature TH≈ 100 K, hinting at the formation of a
proximate spin liquid (pSL) phase within this interme-
diate temperature regime.18,23,24 Above 100 K thermal
fluctuations bring the system into a conventional para-
magnetic phase. An additional tuning parameter is pro-
vided by an in-plane magnetic field. A field of Bc≈ 7 T
is sufficient to destabilize the zigzag order. For fields
between 7 - 8 T a much-debated field-induced SL is then
stabilized,20 whereas for higher fields a quantum disor-
dered state with partial field alignment of the effective
moments forms.15,25,26
In this work, we report on the observation of a tran-
sient long-lived spin disordered state in the Kitaev-
Heisenberg magnet α-RuCl3 induced by pulsed light exci-
tation. Holon-doublon pairs are created by photoexcita-
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2Figure 1. A nonequilibrium dimension to α-RuCl3’s mag-
netic phase diagram. The (B,T )-plane sketches the equilib-
rium magnetic phase diagram. Photoexcited holon-doublon
pairs nγ form a new nonequilibrium parameter. For small
(red) to intermediate (magenta) quenches the system stays in-
side the zigzag ordered phase. Above a critical density nγ,crit
a nonequilibrium proximate spin liquid state may be induced
(light blue arrow).
tion above the Mott gap, and provide a new nonequi-
librium dimension to α-RuCl3’s magnetic free energy
landscape and resulting phase diagram, as illustrated in
Fig. 1. The subsequent holon-doublon pair recombina-
tion through multimagnon emission leads to a decrease
of the zigzag magnetic order. This is tracked through
the magnetic linear dichroism (MLD) response of the sys-
tem. For a sufficiently large holon-doublon density the
MLD rotation vanishes, implying that the zigzag ground
state is fully suppressed and that a long-lived transient
spin-disordered phase is induced. The disordering dy-
namics of the zigzag order parameter is captured by a
time-dependent Ginzburg-Landau model, corroborating
the nonequilibrium quasistationary nature of the tran-
sient phase. Our work provides insight into the coupling
between high-energy electronic and low-energy magnetic
degrees of freedom in α-RuCl3 and suggests a new route
to reach a proximate spin-liquid phase in honeycomb
Mott insulators with residual interactions beyond the
bond-directional Kitaev exchange.
RESULTS AND DISCUSSION
The photoinduced change in reflected polarization ro-
tation from α-RuCl3 was measured as a function of tem-
perature and photoexcitation density. The sample is ex-
cited above the ∆MH∼ 1.0 eV Mott-Hubbard gap27 with
a photon energy of ~ω≈ 1.55 eV. The probe light has
2.42 eV photon energy. Under zero-field conditions, two
contributions to the total optical polarization rotation
θtot can be distinguished:
θtot = θLD + θMLD(~L
2). (1)
The first term θLD, linear dichroism, originates from the
monoclinic distortion of RuCl3,
15 and will only show a
negligible temperature dependence over the relevant tem-
perature range.28 The second term θMLD, magnetic linear
dichroism (MLD),29,30 is proportional to the square of the
zigzag antiferromagnetic order parameter ~L = ~M↑− ~M↓,
where ~M↑ and ~M↓ give the sublattice magnetizations. As
such, the MLD rotation provides an optical probe of the
zigzag spin order in α-RuCl3.
Figure 2. Temperature dependent transient polarization rota-
tion and critical slowing down. a) Photoinduced change in po-
larization rotation−∆θMLD(t) for various temperatures below
and above TN≈ 7 K. The signal below TN is dominated by the
proper stacking phase. Above TN a small signal with opposite
rotational sign is observed, originating from the stacking-fault
phase. b) Integrated change in rotation (black spheres) and
τdecay[ps] (red circles) as a function of temperature. A critical
slowing down of the disordering is observed upon approaching
the phase transition.
Figure 2a displays the photoinduced change in po-
larization rotation −∆θMLD(t) for various bath temper-
atures. A low-excitation fluence F ∼ 1.7µJ/cm2 was
used, corresponding to a photoexcitation density of
nγ ≈ 0.8 · 1017 cm−3 (Ref. 31). For temperatures below
TN≈ 7 K an initial fast demagnetization on the tens of
ps timescale is observed, after which the signal recov-
ers on the ns-timescale. Above TN a small amplitude
response is observed with an opposite rotational sense,
originating from a fraction of unavoidable stacking-fault-
phase contributions at the sample surface.27,32 In Fig. 2b
the integrated change in rotation ∆θmax is plotted ver-
sus temperature. The integrated rotation change shows a
pronounced increase, followed by a rapid reduction upon
approaching TN≈ 7 K. This behavior is qualitatively ra-
tionalized by considering that the photoexcitation will
have the largest transient effect where the derivative of
the zigzag order parameter with respect to temperature
is the largest33. Concomitantly, we observe a critical
slowing down of the disordering upon approaching the
phase transition34,35. This behavior is well captured by
3a τdecay∝ |1 − T/TN|−νz power law with critical expo-
nent νz=−2.1, compatible with the universality class
of the 2D Ising model-A dynamics, applicable to α-
RuCl3
33,34,36.
Figure 3a shows the transient rotation traces θMLD(t)
for various initial photoexcitation densities nγ (sphere
symbols). The photoexcitation dependence of the
maximum MLD change, ∆θMLD,max, is depicted in
Fig. 3b. Qualitatively, two excitation regimes can
be distinguished. For lower excitation densities
(nγ <nγ,crit≈ 3 · 1017 cm−3), the spin system partially
disorders, followed by a subsequent recovery. In this
regime the disordering time slows down with increasing
photoexcitation density. For the high excitation densities
(nγ >nγ,crit≈ 3 · 1017 cm−3) a faster disordering time is
observed and the change ∆θMLD,max saturates (Fig. 3b),
implying that the photoexcited system resides in a L= 0
state for multiple 100s of ps. Referring to the magnetic
phase diagram (Fig. 1 and Refs. 15,20), this means that
for quench strengths above nγ,crit the zigzag order can be
fully suppressed, leaving the system in a spin disordered
state. The disordering mechanism and the nature of the
long-lived transient state is corroborated below.
The inherently strong charge-spin coupling of Mott
insulators leads to an efficient nonlinear demagnetiza-
tion mechanism upon photoexcitation above the Mott-
Hubbard gap.37,38 In order to illustrate this mechanism,
first consider the photoexcitation process correspond-
ing to the lowest t52g t
5
2g→ t42g t62g hopping-type excita-
tion across the Mott-Hubbard gap, as illustrated by the
lower hopping process in Fig. 3c. Within a quasiparti-
cle picture, this intermediate excited state corresponds
to a spinless holon (t42g) and doublon (t
6
2g), by which ef-
fectively two magnetic moments are removed from the
zigzag lattice. The mere creation of these quasiparticles
at the used low densities of 4 - 85 ppm photons/Ru3+-
site however does not suffice to explain the magnitude
and timescale of the zigzag disordering.31 Instead, once
created, the dominant decay mechanism of the holon-
doublon pairs is recombination through multimagnon
emission (upper hopping process Fig. 3c).37 An order of
magnitude estimate for the released amount of magnons
per decayed hd-pair is provided by ∆MH/W ∼ 25 (Refs.
37), with W ≈ 4.0 meV being the bandwidth of the low-
energy spin wave branch in the zigzag phase.39 As such,
this quasiparticle recombination provides an efficient
electronic demagnetization mechanism.
In order to further delineate the excitation mechanism
and resulting magnetization dynamics, we model the
time-domain data within a dynamic Ginzburg-Landau
(GL) model.34,36 The holon-doublon density, represent-
ing the nonequilibrium dimension in Fig. 1, comes in as a
new dynamical variable here. We first consider the modi-
fied free energy for the antiferromagnetic order parameter
L and the holon-doublon-pair density n:
F(n,L) = a1
2
(n− nc,eq)L2 + a2
4
L4 + F˜(n), (2)
Figure 3. Nonequilibrium magnetic phase transition and
holon-doublon pair recombination by multimagnon emission.
a) Density-dependent θMLD(t) for different excitation densi-
ties nγ , as indicated with spheres. The modelled rotation
θ(t) is indicated with thick lines. b) Maximum change in
the magnetic linear dichroism (MLD) rotation ∆θMLD(t) as
a function of photon density nγ . Above the critical density
nγ,crit≈ 3 · 1017 cm−3 the maximum change in MLD-rotation
saturates. c) The honeycomb lattice, consisting of Ru-sites
(dark-blue sites) and chloride ligand ions (red sites). The
lower process shows the photogeneration of a holon-doublon
pair. The upper process shows the subsequent multimagnon
emission by holon-doublon recombination.
with
F˜(n) = a3n+ a4
2
n2 +
a5
3
n3, (3)
where ai, i = 1, . . . , 5 are phenomenological parame-
ters. The terms with even powers in the zigzag or-
der parameter L are the standard symmetry-allowed
terms in the Landau free energy expansion for an
antiferromagnet.36,40 Notice that odd powers of L are
ruled out by the inversion symmetry of RuCl3.
15 The
initial value of the holon-doublon pair density n(0), or
quench strength, is taken proportional to the experimen-
tal photoexcitation densities nγ , i.e., n(0)∝nγ , where
each photon creates one hd-pair. The first term in
F(n,L), coupling the hd-pair density n to the order pa-
rameter L, leads to a destabilization of the magnetic or-
der for a sufficiently strong excitation of hd-pairs, thus
reproducing the process of annihilation of hd-pairs into
magnons.37,41 The parameter nc,eq is introduced as the
critical hd-pair density at equilibrium. The functional
F˜(n), independent of the order parameter L, describes
the excess energy of the hd-density and its relaxation
4in the absence of magnetization. It therefore accounts
for decay mechanisms other than the nonradiative mul-
timagnon emission discussed above, such as nonradia-
tive phonon emission, spontaneous decay under radia-
tive emission,42, and possible hd-pair diffusion out of the
probe volume. The form of F˜(n) is chosen as a third-
order polynomial, although its exact form is not crucial
for the analysis.
The time evolution of the hd-pair density n and mag-
netic order parameter L is described by the coupled equa-
tions of motion:
dL
dt
= −δF
δL
,
dn
dt
= −δF
δn
. (4)
In order to relate Eqs. (4) to the experimentally measured
rotation θMLD, we rewrite the equations in terms of the
polarization rotation θ=L2/2, to finally obtain:
dθ
dt
= −2a1(n− nc,eq)θ − 4a2θ2, (5a)
dn
dt
= −a1θ − δ
δn
F˜(n) (5b)
By using Eq. (5)a, the trajectories n(t), θ(t) can be mod-
elled for different initial quench strengths n(0), taken pro-
portional to the experimental nγ densities. The curves
for θ(t) are superimposed on the experimental θMLD(t)
in Fig. 3a. The model captures the dependence of the
demagnetization time on the excitation density and the
position of tmax, i.e., the time at which ∆θmax is reached.
For the higher excitation densities the magnetic order
vanishes, reproducing the long-lived transient L= 0 state.
The inclusion of the n3-term in F˜(n) ensures that the
GL-description does not overestimate the lifetime of the
L= 0 state.43 The density-dependent rotation transients
are well captured considering the minimal amount of pa-
rameters needed in the nonequilibrium GL-description.
The hd-pair density-dependent free-energy landscape
F(n,L) is shown in Fig. 4. For low densities, the free
energy retains its double-well profile, whereas for higher
densities a single well forms.35 Representative trajecto-
ries n(t), L(t) for different excitation densities are drawn
into the free-energy landscape, with colors corresponding
to the conceptual trajectories of Fig. 1. The quench n(0)
brings the system into a high-energy state, after which n
and L relax along the minimal energy trajectory. For a
small quench (red trajectory) the zigzag order parame-
ter L(t) stays finite and eventually recovers. For the in-
termediate densities (magenta trajectory) the n(t), L(t)
coordinates approach the L= 0 line. For the higher exci-
tation densities (light blue trajectory) the hd-pairs have
sufficient excess energy to let n(t), L(t) follow a trajectory
along the L= 0 line, i.e., full spin disordering is reached.
We emphasize that, for strong quenches, the excitation
density n(t) still varies in time, even though L(t) takes
the quasistationary value L(t) = 0. A sufficiently strong
photoexcitation quench thus provides a mechanism to dy-
namically stabilize a nonequilibrium quasistationary spin
disorded state in α-RuCl3.
Figure 4. Free energy landscape and nonequilibrium quasista-
tionary spin disordered state. Free energy landscape F (n,L)
as a function of the zigzag order parameter L and hd-pair den-
sity n (cf. the phase diagram in Fig. 1). The initial quench
n(0) brings the system to a high energy state, after which
the system relaxes. For small quenches (red trajectory), the
order parameter L stays finite under the relaxation of the
density n. For intermediate quenches (magenta trajectory)
the system approaches the L=0 line. For strong quenches
(light blue trajectory, highest energies not shown) the system
relaxes along the L=0 line, implying that the system is de-
scribed as a nonequilibrium quasistationary spin disordered
state.
The maximum lifetime of the nonequilibrium qua-
sistationary spin disordered state is dictated by the
recombination rate of the hd-pairs. The time evo-
lution of n(t) obtained from the nonequilibrium GL
model provides us with an estimate of a few nanosec-
onds for the recombination timescale of the hd-pairs.43
This timescale is expected to grow exponentially with
the number of magnons needed to traverse the Mott
gap, i.e., τ ∼ e∆MH/W .37 Considering the weak exchange-
interaction scale W in α-RuCl3, one may indeed expect
significantly longer recombination times compared to ma-
terials with an order of magnitude stronger exchange,
such as Nd2CuO4 and Sr2IrO4, where hd-pair lifetimes
on the order of 0.1 ps have been reported.38,44 A large
ratio between the Mott gap and the exchange interaction
energy thus is the key element to ensure a long lifetime
of the nonequilibrium quasistationary state.
The microscopic nature of the transient long-lived spin
disordered state currently remains elusive. The used low
excitation densities by far do not provide sufficient en-
ergy to drive the material into a conventional paramag-
netic state, nor to change the dominant interactions in
the system. Considering the phase diagram, it therefore
seems plausible that the system is driven into a tran-
sient proximate spin liquid phase, reminiscent of the ther-
modynamic state just above TN. Energy-resolved ultra-
fast techniques may provide more insight into the micro-
scopic properties of the induced phase.17,19,45 Further-
5more, exact diagonalization46 and nonequilibrium dy-
namical mean-field theory47 methods may elucidate the
role of hd-excitations in the Kitaev-Heisenberg model and
the resulting phase diagram.
CONCLUSIONS
We have unveiled a pulsed light excitation driven mech-
anism allowing to trap a Kitaev-Heisenberg magnet into
a quasistationary spin disordered state. Photoexcita-
tion above the Mott-gap generates a transient density
of holon-doublon quasiparticle pairs. The subsequent re-
combination of these quasiparticles through efficient mul-
timagnon emission provides a way to dynamically desta-
bilize the competing zigzag ordered ground state and
thereby keeps the system in an out-of-equilibrium spin
disordered state, up until the transient electronic quasi-
particle density gets depleted. Our work provides insight
into the coupling between electronic and magnetic de-
grees of freedom in α-RuCl3, and suggest a new way to
reach a proximate spin liquid phase in Kitaev- Heisenberg
magnets.
MATERIALS AND METHODS
Sample growth and characterization High-quality α-
RuCl3 crystals were prepared by vacuum sublimation.
26
Different samples of the batch were characterized by
SQUID magnetometry, showing a sharp phase transition
at TN≈ 7K. This bulk technique can only provide a first
indication of sample quality for an optics study. Cleaving
or polishing of RuCl3 samples introduces strain, which
leads to stacking faults. For the optics study, we there-
fore refrained from any sample treatment, and used an
as-grown RuCl3 sample with a shiny ∼ 1.5× 1.5 mm2 sur-
face area. The temperature dependence shown in Fig. 2b
shows a clear phase transition at TN≈ 7K.
Time-resolved magneto-optical experiment The α-
RuCl3 sample is mounted in a bath cryostat. The time-
resolved magneto-optical experiment was performed us-
ing 800 nm pump pulses with a temporal with of 40 fs,
and probe pulses of 512 nm with a temporal width of
250 fs. The pump and probe beam were focused down
to a radius of rpump≈ 39µm and rprobe≈ 25µm, respec-
tively. The repetition rate of the amplified laser system
was set to f = 30 kHz in order to ensure that the system
can relax back to the ground state between consecutive
pulses. The change in polarization rotation of the re-
flected probe pulse is measured via a standard polariza-
tion bridge scheme. The optical conductivity reported in
Ref. 27 and the structural properties reported in Ref. 15
allows us to calculate the photoexcitation densities, as
outlined in more detail in the Supplementary Material.31
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